A B S T R A C T Long-term studies (32-49 wk) of the turnover of plasma cholesterol were conducted in 24 subjects. Eight subjects were normolipidemic, six had hypercholesterolemia, eight had hypercholesterolemia and hypertriglyceridemia, and two had hypertriglyceridemia alone. 10 of the hyperlipidemic patients had a definite familial disorder. In all subjects (except one for whom complete data were not available), the same three-pool model previously described gave the best fit for the data. Ml was correlated with all body size variables, but most strongly with excess weight. After adjusting for the effects of body size, M1 was also correlated with the serum concentrations of both cholesterol and triglyceride. Major differences were found in the relationships between the physiological variables and the sizes of pools 2 and 3. M2 was correlated neither with any of the indices of body size or adiposity, nor with the serum levels of either cholesterol or triglyceride. In contrast, all estimates of M3 were correlated with indices of adiposity (but not of overall body size) and with the serum cholesterol concentration.
centration but was probably (P < 0.05) correlated with the triglyceride concentration. When the two patients with very high triglyceride concentrations were excluded, however, no correlation was observed between adjusted PR and triglyceride level. It is probable that hypertriglyceridemic patients represent a heterogeneous population, in which the majority do not show increased cholesterol PR.
Ml was correlated with all body size variables, but most strongly with excess weight. After adjusting for the effects of body size, M1 was also correlated with the serum concentrations of both cholesterol and triglyceride. Major differences were found in the relationships between the physiological variables and the sizes of pools 2 and 3. M2 was correlated neither with any of the indices of body size or adiposity, nor with the serum levels of either cholesterol or triglyceride. In contrast, all estimates of M3 were correlated with indices of adiposity (but not of overall body size) and with the serum cholesterol concentration. Thus, the amount of cholesterol in slowly equilibrating tissue sites appears to particularly increase with elevations of the serum cholesterol level. The results also confirm previous data that adipose tissue cholesterol is an important part of pool 3.
INTRODUCTION
The turnover of plasma cholesterol has been studied in recent years to provide information about the metabolism of cholesterol in normal subjects and in patients with hyperlipidemia and with obesity (1-7). In 1968 two of us reported (1) that the plasma cholesterol specific radioactivity-time curves obtained in experiments of about 10 wk duration could be resolved into two exponential functions and, hence, that the turnover of plasma cholesterol conformed to a simple two-pool model. In 1970, Samuel and Perl (5) reported that in The Journal of Clinical Investigation Volume 57 January 1976-137-148 some patients the slow slope of the plasma decay curve deviated from monoexponential behavior after approximately 20-25 wk. This suggested that a multicompartmental model of more than two pools was necessary to describe the long-term turnover of plasma cholesterol in man. The turnover of plasma cholesterol was subsequently studied by us for periods of 32-41 wk in six subjects and, in each subject, the best description of the turnover curve was found to be provided by a three-pool rather than a two-pool model (6) .
We now report the results of long-term studies of the turnover of plasma cholesterol in 24 subjects. The parameters of the three-pool model of cholesterol turnover observed in eight normal subjects have been compared with the parameters found in six patients with hypercholesterolemia and in eight patients with both hypercholesterolemia and hypertriglyceridemia (mixed hyperlipidemia). In addition, relationships between the model parameters of cholesterol turnover and the physiological variables of age, body size, serum cholesterol, and serum triglyceride concentrations have been explored, using simple linear correlations and multiple linear regression analyses.
METHODS
24 volunteer subjects participated in these studies. Written informed consent was obtained from each. The characteristics of the subjects studied are shown in Table I . Eight subjects were normal controls; six had elevated serum cholesterol con.centrations with normal triglyceride concentrations; eight had elevations of both serum cholesterol and triglyceride concentrations; and two had elevations of serum triglyceride concentrations alone. The diagnosis of hyperlipidemia was based on an arbitrary working definition of levels of cholesterol (at the time of the study) in excess of 275 mg/dl, and/or levels of triglyceride in excess of 160 mg/dl in serum obtained after a 12-h fast. In analyzing the data, patients were classified as having hypercholesterolemia, hypertriglyceridemia, or both (mixed hyperlipidemia). Table I also shows the lipoprotein phenotype (8, 9) as determined by the lipoprotein pattern seen after electrophoresis in agarose gel (10) . The (11, 12) were used to correct cholesterol and triglyceride concentrations in members of the kindreds for age. The 95th and 99th percentile cutoff values established in the Seattle study (12) were used. 10 of the hyperlipidemic subjects were found to have familial disease by this criterion. For 7 of these 10 subjects, 3 or more first-degree relatives were tested; only 2 first-degree relatives were tested for each of the other 3 hyperlipidemic subjects with familial disease (see Table I ). Familial disease was considered to be absent if at least three firstdegree relatives in the kindred were tested, and no relative had hyperlipidemia as defined above. None of the three hyperlipidemic subjects in whom familial disease was absent (see Table I ) had a tested first-degree relative with a lipid level greater than the 95th percentile cutoff value. If less than three first-degree relatives were available or were tested in a kindred, and if unequivocal hyperlipidemia was not found in those relatives tested, the possible presence of a familial disorder was considered to be "indeterminate"
(three hyperlipidemic subjects, see Table I ). In several kindreds, where a familial disorder was definitely present, the lipid levels and distribution conformed to the genetic classification of either familial hypercholesterolemia, or of familial "combined hyperlipidemia," as defined by Goldstein et al. (11) . If the genetic classification was not clear, it was labeled as "not definite" (see Table I ).
All subjects were studied as outpatients. Before the study, all patients had been instructed in a diet containing less than 300 mg of cholesterol per day with less than 35% of calories as total fat and less than 10%o as saturated fat. All patients had been stabilized on the diet for at least several weeks before the study was begun, and were specifically asked not to modify their diets during the course of the study. The normal control subjects ate their usual diets. None of the subjects had significant weight change during the study. Serum cholesterol and triglyceride concentrations were reasonably stable during the study (note the small standard error values for lipid levels in Table I ).
[4-"C] Cholesterol (specific radioactivity 58 usCi/,mol, New England Nuclear, Boston, Mass.) complexed with serum lipoprotein was injected intravenously, and the specific radioactivity of serum total cholesterol was determined on samples collected serially thereafter. The methods used have been described in detail previously (1, 6) . In each experiment the [1'C] cholesterol was checked for radiopurity, by thin-layer chromatography, just before use. The amounts of radioactivity injected (from 22 to 25 /ACi per subject)
were measured precisely, and the data were later adjusted to an injected dose of 25 ,ACi for each subject. Samples of venous blood were collected before breakfast on days 1, 3, 6, 8, 10, and 14 after injection, and thereafter at frequencies decreasing from every week to every 3 wk for a total of 3440 samples during study periods of from 32 to 49 wk. The specific radioactivity of the cholesterol in each sample was determined by analysis of the nonsaponifiable lipid extract obtained from the sample as described in detail previously (6) . The serum was also used for measurement of the concentrations of cholesterol and triglyceride with a Technicon AutoAnalyzer I (Technicon Instruments Corp., Tarrytown, N. Y.) using the method N-24a for cholesterol (13) , and a modification (14) of the Kessler and Lederer technique (15) for triglycerides. The data for each subject were analyzed by digital computer, using a weighted, least-squares, nonlinear regression technique as described elsewhere (6, 16) , to determine the parameters of a three-pool mammillary model which would provide the best fit. The model used is illustrated in Fig. 1 . The notation is identical with that described previously (6 Initially, the patients were divided into groups according to the kind of lipid elevation present (see Table I ), and mean and standard deviation values were calculated for each variable. A one-way analysis of variance was then performed (19) for each of the model parameters. When the variation between groups was found to be significant, the parameter values for each hyperlipidemic group were compared with those of the normal group using the Dunnett procedure for comparing several means with a control mean (19) ; and the significance of differences at the 5 and 1% level was assessed using Dunnett's table (reference 19,  Table A9 , p. 4.46).
Analyses were next conducted to determine whether there was a simple, linear correlation between any of the model parameters and any of the physiological variables. Based on the results of these correlation analyses, a multiple linear regression analysis was performed using the equation n y = a + E bixi (20) . im= The dependent variables (y values) were each of the model parameters in turn. The independent variable (xs) was first the best body size correlate (from the linear regression analysis described above), and then the serum cholesterol and triglyceride concentrations. The significance of each term (bixt) in explaining the variation in the dependent variable was assessed by testing the significance of the decrease in the residual error about the regression plane. RESULTS Appropriate model. As described above, the data for each subject were analyzed to determine the parameters which would provide the best fit obtainable with a threepool mammillary model. The data were also analyzed to determine the parameters which would provide the best fit obtainable with a two-pool model, and with models containing more than three pools. Residual error testing was used, as described previously (6), to find the number of pools needed to describe best the specific radioactivity-time curves.
In each of the 23 subjects in whom complete data were available, the three-pool model provided a significantly better fit (P <0.01 in 18 subjects and P < 0.05 in 5 subjects) to the data than did a two-pool model. In one subject ([A. A.] because of a period when she was absent from this country), samples were not collected between weeks 14 and 25 of her 40 wk study. As a consequence, although the parameters of the three-pool model could be estimated satisfactorily in this patient, the fit obtained with this model was not significantly better than that obtained with a twopool model. No further improvement in fit was obtained for any subject with a four-compartment model. Thus, the same three-pool model (Fig. 1) provided the best description of the long-term turnover curves for both the normal controls and the different kinds of hyperlipidemic subjects.
Between group comparisons. The means and standard deviations are presented for each variable and model parameter, by group and for the total population studied, in Tables II-IV All subjects (24) 48.5±12.8 173411 72+12 1.85±0.20 104±8 3.05±5.91 310±110 187±140
Probability that value differs from normal by one-way analysis of variance and use of the Dunnett procedure (see Methods):
P < 0.05; P < 0.01.
eter, the pooled standard deviation was calculated and the significance of the variation between groups was tested with an F-test. If the overall F was significant, we tested between group differences by comparing each hyperlipidemic group to the normal group by the Dunnett procedure (see Methods).
In each of the groups studied, the mean value for percent of ideal body weight did not differ significantly from 100%, nor were there significant differences in mean percent of ideal body weight values between groups (Table  II) . The only significant difference in physiological variables (Table II) (other than in serum lipid levels, which were the criteria on which the groups were classified) was found in height. Thus, the hypercholesterolemic and hypertriglyceridemic groups were both shorter than the normal group. The normal subjects differed from the hyperlipidemic groups in having a lower mean age, but this difference was not significant statistically. Furthermore, the normal controls were all males, whereas three of the six hypercholesterolemic subjects, and two of the eight subjects with mixed hyperlipidemia were females. No differences related to sex were apparent in any of the data, so that this was felt not to represent a confounding variable. In addition, it should be noted that the hyperlipidemic subjects were all on a fat-controlled diet (see Methods), whereas the normal controls ate their usual diets which were somewhat higher in cholesterol and saturated fat content.
For the unique model parameters (Table III) significantly correlated with three model parameters (PR, MI, and ksi), whereas no significant correlations with triglyceride had been found by simple linear regression analysis. Fig. 2 shows the relationships between the residual PR (that portion of the PR not accounted for after adjustment of the total PR for the effects of body size variation) and the concentration of serum triglyceride. 22 of the 24 triglyceride concentrations fell between 80 and 300 mg/dl, while two patients had much higher concentrations, of 464 and 691 mg/dl. When the entire population was analyzed as if homogeneous, the r was 0.55 (P < 0.05) (solid regression line in Fig. 2) . When the population of 22 subjects with triglyceride levels from 80 to 300 was considered as a group, however, no significant correlation was found between the residual PR and the serum triglyceride level. Neither the slope of the regression line for this population (dashed line in Fig. 2 ) nor its r value (0.19) were significant. Since the values of kma and of minimum Ms were significantly correlated with age with P <0.01 (Table   V) (1, 2, 7) . As has been reported previously (6) for only six subjects, the short-term studies underestimate the area under the plasma turnover curve, and thus overestimate the PR. The mean PR from the 12 wk of data was 1.213+0.256 (SD), whereas the PR from the full long-term data was 1.105+0.245 g/day. The difference between the PR as calculated from the long-term data and from the 12-wk data was 9.0+2.9% (mean+SD) (of the 12-wk value), with a range in percent differences of 3.9-14.6%. The relationship between the PR from longterm data (PRLT) and the PR from 12 wk data (PR12) was: PRLT = -0.043 + 0.9467 PR12; r = 0.989.
The slope of this regression line is significant (P < 0.01), but the intercept is not. In contrast to PR, as reported previously M1 calculated from the truncated data was not significantly different from M1 calculated with the full long-term data, since with either shortterm or long-term data the zero time intercept is well determined.
DISCUSSION
The aim of these studies was to determine first whether the same compartmental model would be appropriate for the description of the long-term turnover of plasma cholesterol in both normal subjects and in patients with different kinds of hyperlipidemia. If the same model were appropriate, the studies then aimed to compare normal and hyperlipidemic persons with regard to each of the parameters of the model.
We have previously reported (6) that, in each of three normal and three hypertriglyceridemic subjects, a three-pool model provided a significantly better description of the long-term turnover curve than did a two-pool model. The results reported here extend this series to a total of 24 subjects, including 8 normal controls, 14 patients with hypercholesterolemia (8 with concurrent hypertriglyceridemia), and 2 patients with hypertriglyceridemia alone. Many of the hyperlipidemic patients had a definite familial disorder; in some of the patients familial disease was not present. Despite the heterogeneous characteristics of the hyperlipidemic population studied, however, the same three-compartment model provided the best fit to the long-term turnover data in each of the 23 subjects in whom complete data were collected. Although the population studied is still not large, these findings suggest that the threepool model may well be generally valid for the study of cholesterol turnover in humans.
This conclusion is somewhat at variance with that of Samuel and Lieberman (21), who conducted plasma cholesterol turnover studies on 17 patients for intervals longer than 50 wk, and reported that in 12 patients a three-exponential curve fit was better, whereas in 5 patients two-exponential fits were better. The data were, accordingly, analyzed by "input-output analysis" (3, 5) , which is independent of the number of exponentials, but which limits the amount of information which can be derived from the data as compared with that obtainable by multicompartmental analysis. We believe that there are significant differences between the methods of curve fitting and data analysis employed by Samuel and Lieberman and by ourselves, and that these differences could in part account for the finding of a two-exponential, rather than a three-exponential fit in five patients by these investigators. Additional studies will be required to fully resolve this question. The data reported here were analyzed first by dividing the patients into groups according to the kind of lipid elevation present, and comparing the values for the model parameters between groups. Single and multiple regression analyses were then conducted to explore possible correlations between the model parameters and various physiological variables.
Using this approach, significant differences between groups, or correlations with serum lipid levels were seen for several parameters of the three-pool model: PR, kin, M1, and all estimates of M3. Many of the model parameters, however, showed no differences between hyperlipidemic and normal subjects, and no correlations with serum lipid concentrations. These model parameters, which were unaffected by hyperlipidemia or lipid levels, included k13, k81, and all estimates of M2. In addition, although k12 was elevated in the two hypertriglyceridemic patients studied, the absence of a significant correlation between kn2 and either serum cholesterol or triglyceride concentration, by single or multiple regression analysis, suggests that when a larger number of hyper-144 F. R. Smith, R. B. Dell, R. P. Noble, and DeW. S. Goodman triglyceridemic patients are studied this parameter may well be found to be unrelated to serum lipid levels.
The studies reported here also permitted us to extend and make more firm the relationship between the PR as calculated from a 12-wk study (with the twopool model) and that calculated from a long-term study (with the three-pool model). In these 24 studies, the difference between the PR as calculated from the longterm data and from 12 wk of data was 9.0+2.9% (mean+SD). This confirms our conclusion (6) that previous estimates of the PR obtained from mediumterm studies can be considered as quantitatively valid if corrected by a reduction of 9%. With such a correction, the PR as calculated from medium-term kinetic studies agrees extremely closely with the total body turnover rate as measured directly by sterol balance methods (4, 22) .
Previous studies of cholesterol turnover, using either the two-pool model (2) or input-output analysis (21) , have demonstrated very similar turnover rates of cholesterol in patients with hypercholesterolemia and in normal subjects. In the present study differences in production rates were not seen between hypercholesterolemic patients and normals, nor was the PR correlated with the serum cholesterol level. It was previously suggested (2) that hypercholesterolemia is not associated with abnormal rates of formation or excretion of cholesterol in the body, but with some impediment to the "clearance" or excretion of cholesterol from the plasma pool. This conclusion is consistent with the finding of a decreased fractional rate of low density lipoprotein (LDL) degradation in patients with familial hypercholesterolemia (23) . Insight into the mechanism responsible for the decreased fractional rate of LDL degradation has been provided by recent studies with fibroblasts from patients with familial hypercholesterolemia (24) . These fibroblasts have a reduced number of specific binding sites for LDL, and show a diminished catabolism of LDL in culture in vitro.
The effect of hypertriglyceridemia on the turnover rate of cholesterol is not comparably clear. Sodhi and Kudchodkar reported that patients with hypercholesterolemia and hypertriglyceridemia had markedly higher cholesterol turnover rates than did patients with hypercholesterolemia alone, as determined by both sterol balance and kinetic (two-pool model) studies (25) . In contrast, using sterol balance methods, Miettinen did not find an increased daily turnover rate of cholesterol in patients with hypertriglyceridemia, particularly when the data were corrected for differences in obesity and body weight (26) . More recently, Grundy has reported that sterol balance studies in his laboratory do not support the claim that the majority of patients with hypertriglyceridemia have increased rates of sterol synthesis (turnover) (27) . In the present study, patients with hypertriglyceridemia (either with or without hypercholesterolemia) had PRs which were not significantly different from those of normal subjects. In addition, the PR did not correlate with the serum triglyceride concentration on simple linear regression analysis. After adjusting for the effects of body size by multiple regression analysis, however, a probably significant correlation (P < 0.05) was found between the PR and the serum triglyceride level. Further examination of the data showed that this correlation was dependent upon the results found with the two patients with markedly elevated triglyceride levels (of 464 and 691). Thus, when the population of 22 subjects with triglyceride levels from 80 to 300 was analyzed as a group, no significant correlation was found between the residual PR and the triglyceride level (Fig. 2) . Our interpretation of these data is that patients with extremely high triglyceride levels may represent a different population, with regard to the regulation of cholesterol turnover, from those with normal or moderately elevated triglyceride levels. This conclusion is consonant with Grundy's suggestion (27) (29) . The bile acid turnover or excretion in patients with hypercholesterolemia and hypertriglyceridemia has been reported to be much higher than that in patients with hypercholesterolemia alone (30, 31) , although this has not been found in all studies (28, 29) . Bile acid turnover or excretion have been reported to be considerably increased in patients with hypertriglyceridemia alone (29, 32) although this too has not been found in all studies (27) . As with cholesterol turnover (see above) it is probable that hypertriglyceridemic patients represent a heterogeneous population with regard to bile acid metabolism, and that there are subsets of such patients who manifest increased synthesis and turnover of bile acids, but that this is not a universal phenomenon.
Turnover of Plasma Cholesterol in Normal and Hyperlipidemic Humans
In the series reported here, the maj or determinant of cholesterol production rate was overall body size, expressed either as total body weight or as surface area. Thus, differences in total body size accounted for 64% of the observed differences in cholesterol PR. For this entire series the mean (±SD) PR was 15 (26, 33) , and by isotope kinetic analysis with the two-pool model (2, 33) . In the morbidly obese patients (mean percent ideal body weight 257) studied by Nestel et al. (33) , cholesterol synthesis rates were highly correlated with both excess body weight and with adipose cellularity, with correlation coefficients of 0.66 and 0.72, respectively. Analysis of the data reported by these workers reveals that an even slightly stronger correlation (r = 0.73) exists between total body weight and cholesterol synthesis rate in the eight patients studied. In the patients reported here, the maximum excess body weight was 20 kg while the minimum excess weight in the patients reported by Nestel et al. (33) was 43 kg, so that there is no overlap in the weight characteristics of the two study populations. In our group of nonobese subjects, cholesterol PR was much more highly correlated with indices of total body size than with indices of adiposity. In morbid obesity, as the degree of adiposity increases relative to body surface area, the adipose organ appears to play an increasingly significant role in influencing total body cholesterol production. This role can, however, be considered at least as well in terms of total weight rather than excess weight. Moreover, recent studies (34) have indicated that adipose tissue cholesterol synthesis itself contributes very little, if at all, to the enhanced cholesterol synthesis of obesity.
In our study population, M., the size of the rapidly exchangeable compartment, was found to be significantly correlated with all four variables of body size (weight, surface area, percent of ideal weight, and excess weight), but most strongly with excess weight. When the data were adjusted for the effects of body size, significant correlations were found between M, and both the serum concentration of cholesterol and that of triglyceride. Although the quantitative effects of serum lipid elevations on M1 are small, they are statistically highly significant by multiple regression analysis. Previous kinetic studies have shown increases in the size of the rapidly miscible pool in patients with hypercholesterolemia (2) , and this has been interpreted as reflecting the increased cholesterol content of the plasma compartment in such patients (2) . A similar interpretation cannot be proposed for the present new finding of a relationship between serum triglyceride level and M1, which remains to be explained.
Compartmental analysis with the three-pool model demonstrated major differences in the relationships between the physiological variables and the sizes of the two more slowly exchanging compartments, pools 2 and 3. The size of pool 2 (Ma), the pool which consists of cholesterol which equilibrates at an intermediate rate with plasma cholesterol, was correlated neither with any of the indices of body size or adiposity, nor with the levels of either serum cholesterol or triglyceride. In contrast, all estimates of Ms, the size of the most slowly turning over pool 3, were significantly correlated with indices of adiposity (both percent of ideal weight and excess weight) and with the serum cholesterol concentration. The positive correlation between Ms and adiposity is consistent with the finding that adipose tissue cholesterol appears to be an important part of the most slowly turning over compartment, pool 3 (34). Schreibman and Dell have reported recently cholesterol turnover studies of 10-20 wk duration in which a threepool model was fit simultaneously to both plasma and adipocyte specific activity-time curves (34) . In five of six subjects, the kinetics of adipose tissue cholesterol closely fit that of the slowly turning over pool 3. Cholesterol in other peripheral tissues, particularly connective tissue and skeletal muscle (35) (36) (37) , and including arterial walls (38) , also equilibrates slowly with plasma cholesterol; cholesterol in these tissue sites probably also comprises a significant portion of pool 3. The findings reported here suggest that the amounts of cholesterol in these slowly equilibrating tissue sites increase in relation to elevations in the serum cholesterol level. The increased accumulation of cholesterol in atherosclerotic arteries in patients with hypercholesterolemia may represent one aspect of this phenomenon.
The observed correlation between the size of pool 3 (Ms) and the serum cholesterol concentration suggests that the kinetic analysis used here can provide a method for estimating the size of pathological accumulations of cholesterol in slowly equilibrating tissue sites. If this is true, then it may be possible to study the effects of therapeutic intervention (e.g. lipid lowering drugs) on the amount of cholesterol in tissue pools, by repeating long-term studies of cholesterol turnover after a period of therapy in specific patients.
In addition to its relationships with excess weight and serum cholesterol level, the minimum value of Ms was also significantly (P < 0.01) correlated with age. Although the other estimates of M8 (intermediate and maximum M3) showed positive correlation coefficients with age, the values were not significant statistically. Since, as previously pointed out (6), it is probable that the true values for M3 (and Ms) are much closer to the lower than the upper limiting values (34), the observed correlation of minimum M8 with age can be considered to support the observations of Crouse et al. (39) showing an increase in cholesterol concentration in connective tissue with age. The observed correlation (and the observed negative correlation between minimum M2 and age) may also reflect the changes in body composition, particularly the relative increase in the amount of fat tissue in the body, which occur with increasing age.
